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that the proportioning-valve brake adjusts a braking pressure
according to the braking control voltage.
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The control module actively intervenes
the braking system of the vehicle.

The control module receives the wheel speed 501
signal and the vehicle acceleration signal.

The control module computes a tire-slip

feedback value according to the wheel speed

signal and the vehicle acceleration signal, and SO
generates a feedback control voltage according

to a tire-slip difference between a tire-slip
target value and the tire-slip feedback value.

The control module generates a tire-slip

compensation value by performing a differential
compensation to the tire-slip feedback value, |— S03
and obtains a feediorward voltage according

to the tire-slip compensation value via a look-up
table approach.

The control module generates the braking 4
control voltage by adding the feedback control

voltage to the feedforward voltage.

FIG. 3
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ANTI-LOCK BRAKING SYSTEM AND
CONTROL METHOD THEREOFK

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present application relates generally to a braking
system and method, and more particularly to an Anti-lock
Braking System (ABS) and control method thereof.

2. Description of Related Art

With reference to FIG. 10, a conventional Anti-lock
Braking System (ABS) comprises a solenoid-valve braking
module and a control module 30. For example, a car 40 may
include a left-front wheel 41, a right-front wheel 42, a
left-rear wheel 43, and a right-rear wheel 44. Correspond-
ingly, the solenoid-valve braking module includes four sole-
noid-valve brakes 31. The control module 30 1s electrically
connected to and controls the solenoid-valve brakes 31 to
adjust braking pressures exerted on the wheels. In addition,
the control module 30 1s electrically connected to multiple
sensors of the car 40, such as a wheel speed sensor, an
accelerometer, etc. to acquire driving information (such as
wheel speed, car speed, acceleration, etc.) of the car 40.

A conventional control method of ABS 1s described as
follows. The control module 30 at first determines whether
a braking event, such as when a brake pedal of the car 40 1s
pressed down, occurs. When the braking event 1s occurring,
the control module 30 further determines whether a car state
meets an early warning condition. For example, the car state
may include a measured wheel acceleration, and the early
warning condition may include a threshold. Besides, in
general, a tire slip 1s a diflerence between the car speed and
the wheel speed and will be represented as:

|car speed — wheel speed|

tire slip(%) = X 100(%)

car speed

When the tire slip 1s too high, the car 40 will slip on the
road. Hence, when the control module 30 determines the car
state meets the early warning condition (the measured wheel
acceleration 1s lower than the threshold), the control module
30 actively intervenes a braking system of the car 40 to
automatically control the solenoid-valve braking module.
Meanwhile, a braking action of the car 40 1s controlled by
the control module 30 1n order to automatically adjust the
wheel speed and slow down the increase of the tire slip, so
as to prevent the wheels from rapidly locked up and to
stabilize a motion of the car.

After the control module 30 intervenes the braking system
of the car 40, the control module 30 drives each one of the
solenoid-valve brakes 31 to intermittently operate in a
relieving state and a locking state. When each one of the
solenoid-valve brake 31 operates 1n the relieving state, brake
o1l passes through an oil-pressure valve to relieve pressure,
such that the braking pressure becomes zero. On the con-
trary, when the solenoid-valve brake 31 operates in the
locking state, the brake o1l passes through the oil-pressure
valve to enhance pressure, so as to provide the braking
pressure by the solenoid-valve brake 31. However, the
conventional ABS has the following defects:

1. Each one of the solenoid-valve brakes 31 intermittently
operates 1n the relieving state and the locking state. In the
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process of changing the relieving state and the locking state,
the oil-pressure valve of each one of the solenoid-valve
brakes 31 sustains impact of the o1l pressure (like a water
hammer eflect), and the solenoid-valves brakes 31 will be
damaged easily.

2. After the control module 30 intervenes the braking
system of the car 40, each one of the solenoid-valve brakes
31 mtermittently operates in the relieving state and the
locking state (two states only), such that the wheel speeds of
the wheels become fast and slow suddenly. As a result, the
sudden changes of the wheel speeds will make the driver or
the passengers have a feeling of intermittent and rapid
vibrations, such that the driver or the passengers will feel
uncomiortable.

SUMMARY OF THE INVENTION

An objective of the present invention 1s to provide an
Anti-lock Braking System and control method thereof to
overcome the aforementioned defects.

The Anti-lock Braking System of the present invention 1s
adapted to a vehicle with multiple wheels and comprises:

an accelerometer outputting a vehicle acceleration signal
reflecting acceleration of the vehicle;

multiple wheel speed sensors respectively corresponding
to the multiple wheels and each one of the wheel speed
sensors outputting a wheel speed signal;

multiple proportioning-valve brakes respectively corre-
sponding to the multiple wheels and each one of the pro-
portioning-valve brakes receiving a braking control voltage
to adjust a braking pressure of each one of the wheels
according to a magnitude of the braking control voltage; and

a control module electrically connected to the accelerom-
cter, the wheel speed sensors, and the proportioning-valve
brakes; wherein after the control module intervenes a brak-
ing system of the vehicle, the control module generates the
braking control voltages for the proportioning-valve brakes
respectively according to the vehicle acceleration signal and
the wheel speed signals;

wherein the control module computes a tire-slip feedback
value according to the wheel speed signal of each one of the
wheel speed sensors and the vehicle acceleration signal,
generates a feedback control voltage according to a tire-slip
difference between a tire-slip target value and the tire-slip
teedback value, generates a tire-slip compensation value by
performing a differential compensation to the tire-slip feed-
back value, obtains a feediorward voltage according to the
tire-slip compensation value via a look-up table approach,
and generates the braking control voltage by adding the
teedback control voltage to the feediorward voltage.

The anti-lock braking control method of the present
invention 1s performed after a control module intervenes a
braking system of a vehicle with multiple wheels and
COmMprises:

receiving a wheel speed signal of each one of the wheels
and a vehicle acceleration signal;

computing a tire-slip feedback value according to the
wheel speed signal of each one of the wheels and the vehicle
acceleration signal;

generating a feedback control voltage according to a
tire-slip diflerence between a tire-slip target value and the
tire-slip feedback value;

generating a tire-slip compensation value by performing a
differential compensation to the tire-slip feedback value;

obtaining a feedforward voltage according to the tire-slip
compensation value via a look-up table approach;
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generating a braking control voltage by adding the feed-
back control voltage to the feedforward voltage; and

outputting the braking control voltage to a proportioning-
valve brake, such that the proportioning-valve brake adjusts
a braking pressure of each one of the wheels according to a
magnitude of the braking control voltage.

Compared with the conventional ABS, the present inven-
tion has at least advantages as follows:

1. In comparison with the solenoid-valve brakes 31 1n the
conventional ABS, the proportioning-valve brakes of the
present invention do not operate 1n the relieving state and the
locking state only. The braking pressure provided by the
proportioning-valve brake 1s varied with the braking control
voltage, such that the braking pressure of the present inven-
tion will be precisely adjusted to efliciently decrease the
impact of o1l pressure exerted on the proportioning-valve
brake. The proportioning-valve brake in the present inven-
tion 1s more durable than the solenoid-valves brake in the
conventional ABS.

2. The present invention may precisely adjust the braking
pressures exerted on the wheels. The braking control voltage
includes the voltage component of the feedforward voltage.
In this way, the feedforward voltage provides an assistance
to decrease the variation of each one of the wheel speeds for
improving the vibration phenomenon of each one of the
wheel speeds. As a result, the present invention may prevent
the driver or the passengers from a feeling of intermaittent
and rapid vibrations, such that the driver or the passengers
would not feel uncomiortable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an embodiment of the
Anti-lock Braking System of the present invention;

FIG. 2 1s a schematic diagram of the Anti-lock Braking
System of the present invention applied to a vehicle;

FIG. 3 1s a flow chart of an embodiment of the anti-lock
braking control method of the present invention;

FIG. 4 1s a schematic diagram depicting the braking
control voltage provided to the proportioming-valve brake;

FIG. 5 1s a schematic diagram of computation at S-domain
performed by the PID controller;

FIG. 6 1s a schematic diagram of a first look-up table in
the present invention;

FIG. 7 1s a schematic diagram of a second look-up table
in the present invention;

FIG. 8A 1s a wavelorm diagram including the vehicle
speed, the wheel speed of the left-front wheel, and the wheel
speed of the right-front wheel (when the braking control
voltage does not include the feedforward voltage);

FIG. 8B 1s a wavelorm diagram including the vehicle
speed, the wheel speed of the left-rear wheel, and the wheel
speed of the right-rear wheel (when the braking control
voltage does not include the feedforward voltage);

FIG. 9A 1s a wavelorm diagram including the vehicle
speed, the wheel speed of the left-front wheel, and the wheel
speed of the right-front wheel (when the braking control
voltage includes the feedforward voltage);

FIG. 9B 1s a wavelorm diagram including the vehicle
speed, the wheel speed of the left-rear wheel, and the wheel
speed of the rnight-rear wheel (when the braking control
voltage includes the feedforward voltage); and

FIG. 10 1s a schematic diagram of a conventional Anti-
lock Braking System applied to a car.

L1
=y

ERRED

DETAILED DESCRIPTION OF PR
EMBODIMENT(S)

With reference to FIGS. 1 and 2, the Anti-lock Braking
System (ABS) of the present invention comprises an accel-
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crometer 10, multiple wheel speed sensors 11, a braking
module 12, and a control module 13. For example, the
Anti-lock Braking System of the present invention may be
applied to a vehicle 20 (such as a car). The vehicle 20 has
multiple wheels. The braking module 12 has multiple pro-
portioning-valve brakes 120 respectively corresponding to
the multiple wheels. Fach one of the proportioning-valve
brakes 120 1s configured to provide and adjust a braking
pressure exerted on the corresponding wheel.

With reference to FIG. 2, the multiple wheels of the
vehicle 20 may include, but not limited to, multiple front
wheels and multiple rear wheels. The front wheels may
include a left-front wheel 21 and a right-front wheel 22. The
rear wheels may include a left-rear wheel 23 and a nght-rear
wheel 24.

Correspondingly, the braking module 12 may include four
proportioning-valve brakes 120 to respectively adjust the
braking pressures of the left-front wheel 21, the right-front
wheel 22, the left-rear wheel 23, and the right-rear wheel 24.

With reference to FIG. 1, the working principle of the
accelerometer 10, the wheel speed sensors 11, the braking
module 12, and the proportioning-valve brakes 120 1s com-
mon knowledge 1n the related art and thus would not be
described in detail.

In briet, the accelerometer 10 outputs a vehicle accelera-
tion signal 100 retlecting acceleration of the vehicle 20. For
example, when the vehicle 20 1s accelerating (vehicle speed
1s 1increasing), the vehicle 20 has positive acceleration and
therefore the vehicle acceleration signal 100 corresponds to
a positive value. Inversely, when the vehicle 20 1s deceler-
ating (vehicle speed 1s decreasing), the vehicle 20 has
negative acceleration and therefore the vehicle acceleration
signal 100 corresponds to a negative value. In other words,
the vehicle acceleration signal 100 of the vehicle 20 having
negative acceleration may be also defined/called as a vehicle
deceleration signal.

The wheel speed sensors 11 respectively correspond to the
multiple wheels. Each one of the wheel speed sensors 11
respectively outputs a wheel speed signal 110. The wheel
speed signal 110 reflects the wheel’s speed. Each one of the
proportioning-valve brakes 120 receives a braking control
voltage V, to adjust the braking pressure of the wheel
according to a magnitude of the braking control voltage V.
When the magnitude of the braking control voltage V. 1s
higher, the braking pressure provided by the proportioning-
valve brakes 120 1s lower. In other words, increasing the
magnitude of the braking control voltage V , may relieve the
braking pressure provided by the proportioning-valve brakes
120, and decreasing the magnitude of the braking control
voltage V, may increase the braking pressure provided by
the proportioning-valve brakes 120

For example, the control module 13 may have control
integrated circuit (IC) chips to perform the control method
of the present invention. With reference to FIGS. 1 and 2, the
control module 13 1s electrically connected to the acceler-
ometer 10, the wheel speed sensors 11, and the proportion-
ing-valve brakes 120. The control module 13 generates the
braking control voltages V., for the proportioning-valve
brakes 120 respectively according to the vehicle acceleration
signal 100 of the accelerometer 10 and the wheel speed
signals 110 of the wheel speed sensors 11, thereby respec-
tively adjusting the braking pressures of the wheels. The
following example discloses the control method to one of
the wheels, and the control method to the rest of the wheels
may be referred to 1t. Hence, 1n general, the left-front wheel

21, the right-front wheel 22, the left-rear wheel 23, and the
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right-rear wheel 24 of the vehicle 20 are mdlwdually COn-
trolled to e ectwely shorten a braking distance and improve
the braking efficiency.

With reference to FIGS. 1-3, the control method of the
present invention 1s performed 1n the control module 13. The
control method of the present invention 1s performed after
the control module 13 intervenes a braking system of the
vehicle 20. As a conventional Anti-lock Braking System, the
conditions to intervene the braking system of the vehicle 20
in the present invention are common knowledge in the
related art and would not be described 1n detail.

With reference to FIGS. 3 and 4, the anti-lock braking
control method of the present mmvention comprises the
following STEPs.

STEP S01: The control module 13 receives the wheel
speed signal 110 and the vehicle acceleration signal 100. As
aforementioned, the wheel speed signal 110 1s received from
the wheel speed sensor 11 and reflects a real-time wheel
speed. The vehicle acceleration signal 100 1s received from
the accelerometer 10 and reflects a real-time acceleration of
the vehicle 20.

STEP S02: The control module 13 computes a tire-slip
feedback value Slip,, according to the wheel speed signal
110 and the vehicle acceleration signal 100, and generates a
feedback control voltage V, according to a tire-ship differ-
ence Slip.»» between a tlre—sllp target value Ship, and the
tire-slip feedback value Slip.,. In the embodiment of the
present invention, the tire-slip feedback value Slip,., may be
represented as:

Vesr - W

Slippg =

25t

In the above equation, V__, 1s the speed of the vehicle 20
and W 1s the wheel’s speed computed from the wheel speed
signal 110 of the wheel speed sensor 11, wherein W may be
represented as:

Vipm X 271

60

W =

60 x 60 { kilometer Vipm X 2707 ( meter )
X =
1000 ( ] 60

hour second

In the above equation, v, 1s the wheel speed signal 110
and reflects a number of revolutions of the wheel per minute
detected by the wheel speed sensor 11, and r 1s a radius of
the wheel and a unit of the radius may be meter (m) as an
example.

In the embodiment of the present invention, V__, 1s
function including time (t) and may be represented as:

d

(k=K r

est

O(K)+H(1=K5)([1]-9(k—=1)+[dt ]t e ns(K))

The above equation 1s quoted from a published document
of Society of Automotive Engineers (SAE) as below:

SAE TECHNICAL PAPER SERIES 2002-01-2229

Vehicle Speed Estimation Using Accelerometer
and Wheel Speed Measurements

Document Number
title

In the above equation, V__=V(k) and k 1s a time point of
the data, for example, ¥(k) may be an instant vehicle speed
at that time pomnt and v(k—1) 1s the vehicle speed at a
previous time point; K, 1s a value of weight and 0<K,<I;r__,
1s the radius of the wheel; w(k) 1s the wheel speed and
W=w(k); a,____1s the acceleration of the vehicle 20 (such as

the vehicle acceleration signal 100). In brief, V__ 1s an
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6

estimated value computed according to the wheel speed
signal 110 and the vehicle acceleration signal 100. K, 1s used
to determine whether V__, more depends on W ora__ ..

The tire-slip target value Slip,~ 1s a predetermined value
that the control method of the present invention wants to
achieve. For example, the tire-slip target value Ship,~ may
be lower than or equal to 20%, but not limited to 20%.
Hence, the tire-slip difference Slip.,, may be represented
as:

Slipgrg=Sliprs—Slipz5

The control module 13 generates the feedback control

voltage V. according to the tire-slip difference Slip,.., viaa
proportional-integral-derivative (PID) controller. The PID
controller 1s common knowledge 1n the related art. FIG. 5 1s
an example of the PID controller that 1s based on a typical
control configuration to perform a computation of a mini-
mized error and output a correction value, and thus the
typical control configuration of FIG. 5 would not be
described 1n detail. For a preferred instance, a proportional
gain of the PID controller may be 1n a range between 0 and
S (including 0 and 5), an mtegral gain of the PID controller
may be 1n a range between 0 and 1 (including 0 and 1), and
a derivative gain of the PID controller may be 1n a range
between 0 and 1 (including O and 1).
STEP S03: The control module 13 generates a tire-slip
compensation value Slip,,,,» by performing a differential
compensation to the tire-slip feedback value Ship.,, and
obtains a feedforward voltage V .~ according to the tire-ship
compensation value Slip-,,,p, via a look-up table approach.
In the embodiment of the present invention, the ftire-slip
compensation value Slip-,,,» may be represented as:

f
Stipcoye = Slippg + CX E(SZI})FB)

In the above equation, C 1s a value of weight and 0<C<].
Different wheels may correspond to different values of C.
For example, C for the front wheels (including the left-front
wheel 21 and the right-front wheel 22) 1s higher than C for
the rear wheels (including the left-rear wheel 23 and the
right-rear wheel 24). For a preferred instance, C for the front
wheels may be (but not imited to be) 0.6 and C for the rear
wheels may be (but not limited to be) 0.1.

Regarding the look-up table approach, the control module
13 stores at least one look-up table for performing the
look-up table approach. The look-up table includes a voltage
lower limit, a voltage upper limuit, a tire-slip lower-limit, and
a tire-slip upper limit. In the look-up table, one of the
tire-slip compensation values Slip,,,,p COrresponds to one
of the feedforward voltages V... The feedforward voltage
V - may be between 0 Volt (V) and 10V (OVLV .<10V). In
general, an operation voltage of each one of the proportion-
ing-valve brakes 120 may be 1n a range between 3.5V and
9V (including 3.5V and 9V). When the tire-slip compensa-
tion value Slip,-,,,- 1s higher, the feedforward voltage V .
1s higher accordingly. Hence, the ftire-slip compensation
value Slip-,.,» may be directly proportional to the feedfor-
ward voltage V ...

In the embodiment of the present invention, the control
module 13 stores multiple look-up tables including a first
look-up table and a second look-up table. The first look-up
table corresponds to the front wheels. The second look-up
table corresponds to the rear wheels.

FIG. 6 depicts the data of the first look-up table and 1s

described 1n detail as follows. The tire-slip compensation
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value Slip~,x,», computed according to the vehicle accel-
eration value 110 and the wheel speed signal 110 of the
left-front wheel 21 or the right-front wheel 22 as shown 1n
FIG. 1, 1s defined as a first tire-slip compensation value
Slip-Hr» = 1he teedtorward voltage V ... corresponding to
the left-front wheel 21 and the nght-front wheel 22 1s
defined as a first teedforward voltage V . . When the first
tire-slip compensation value Slip,,,» ~ 18 equal to a first
tire-slip lower imit S; . (such as 10%), the first feedtorward
voltage V. 18 equal to a first voltage lower limit V, . »
(such as 3V) accordingly. When the first tire-slip compen-
sation value Slipooar » 15 €qual to a first tire-slip upper
limit S,, » (such as 60%), the first teedforward voltage
V.~ ~1s equal to a first voltage upper limit V,,,. .. (such as
10V) accordingly. When Slip-one #<S; 5 the first feed-
torward voltage V..  1s equal to OV accordingly. When
S, <SIprorme 7S, = the first tire-slip compensation
value Slip~oa» 18 linearly and directly proportional to the
first teedforward voltage Vp pand V. o<Vip <V £
When Slip.onme =5, = the first feedforward voltage
V.~ =1s equal to the first voltage upper limit V.- » accord-
ingly. In order to avoid insufficient relieving of the braking
pressure, the first voltage upper limit V.- ~ may be higher
than a maximum value of the range of the operation voltage
of each one of the proportioning-valve brakes 120. As
mentioned above, the range of the operation voltage of the
proportioning-valve brake 120 may be between 3.5V and
9V, such that the first voltage upper limit V.- ~ may be set
as 10V. i

In the embodiment of the present invention, based on the
parameter configuration set to the control module 13, the
first look-up table includes the first voltage lower limait
V.. = the first voltage upper limit V, ;- -, the first tire-slip
lower limit S, ., and the first tire-slip upper limit S, .
When the first tire-slip compensation value Slipa,» 5 1S
between the first tire-slip lower limit S, . and the first
tire-slip upper limit S,, . the linearly and directly propor-
tional relation between the first tire-slip compensation value
Slip,1m ~and the first feedforward voltage V ... .. 1s deter-
mined. i

FIG. 7 depicts the data of the second look-up table and 1s
described 1n detail as follows. The tire-slip compensation
value Slip~,x,», computed according to the vehicle accel-
cration value 110 and the wheel speed signal 110 of the
left-rear wheel 23 or the right-rear wheel 24 as shown 1n
FIG. 1, 1s defined as a second tire-slip compensation value
Slip-o1r z- 1he Teediorward voltage V .. corresponding to
the left-rear wheel 23 and the right-rear wheel 24 is defined
as a second feedforward voltage V.~ . When the second
tire-slip compensation value Slip ~.,» & is equal to a second
tire-slip lower limit S, . (such as 10%), the second feed-
forward voltage V. » is equal to a second voltage lower
limit V,, » (such as 5V) accordingly. When the second
tire-slip compensation value Slip ~r,» 1S €qual to a second
tire-slip upper limit S,, . (such as 30%), the second feed-
forward voltage V., » 1s equal to a second voltage upper
limit V,, . (such as 10V) accordingly. When
Slipcorrr<S; x» the second feedforward voltage V. , is
equal to OV accordingly. When S; <Slipo1p 2<S;, &, the
second tire-slip compensation value Slip ., 1S linearly
and directly proportional to the second feedforward voltage
Vep g and Vip o<Vpp g<Vyp g When Sipeorpe™Se z:
the second feedforward voltage V . » 1s equal to the second
voltage upper limit V,,, » accordingly. Similarly, in order to
avoid insufficient relieving of the braking pressure, the
second voltage upper limit V. » may be set as 10V.
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In the embodiment of the present invention, based on the
parameter configuration set to the control module 13, the
second look-up table includes the second voltage lower limit
V., », the second voltage upper limit V- », the second
tire-slip lower limit S, ,, and the second tire-slip upper limit
S, ». When the second tire-slip compensation value Slip-
~onm = 18 between the second tire-slip lower limit S, , and
the second tire-slip upper limit S, ., the linearly and
directly proportional relation between the second tire-slip
compensation value Slip ~,1,» » and the second feedforward
voltage V. » is determined.

STEP S04: The control module 13 generates the braking
control voltage V, by adding the feedback control voltage
V. to the feedforward voltage V... The braking control
voltage V , may be represented as:

In the embodiment of the present invention, the braking
control voltage V. corresponding to the front wheels 1s
defined as a first braking control voltage V, . represented
as:

Ve 7= VptVer ¢

The braking control voltage V , corresponding to the rear
wheels 1s defined as a second braking control voltage V, 4
represented as:

Ve =Va+Ver g

In conclusion, the control module 13 outputs the first
braking control voltage V, . to control the proportioning-
valve brakes 120 of the front wheels (such as the left-front
wheel 21 or the right-front wheel 22). Besides, the control
module 13 also outputs the second braking control voltage
V. » to control the proportioning-valve brakes 120 of the
rear wheels (such as the left-rear wheel 23 or the right-rear
wheel 24). The braking control voltage V, ~, V. » includes
a voltage component of the feedforward voltage V.. .
V. ». The feedforward voltage V.. 5, Vor » is computed
from the tire-slip compensation value Slip.,npm 7 Slip-
~onsp = FIGS. 8A, 8B, 9A, and 9B depict measurement data
of the present invention. Even if some of the waveforms of
the wheel speeds are very close to each other, the eflect
induced by the feedforward voltage V.. », V-~ » 1s obvious
by reviewing the trend of the waveforms. i

With reference to FIGS. 2, 8A, and 8B, the wavetorms
shown i FIGS. 8A and 8B are measured under a first
braking event, such that the waveforms of the vehicle speed
in FIGS. 8A and 8B are consistent to each other. Wavelorms
of the wheel speeds of the left-front wheel 21 and the
right-front wheel 22 are shown in FIG. 8 A. Wavelorms of
the wheel speeds of the left-rear wheel 23 and the night-rear
wheel 24 are shown in FIG. 8B. In the first braking event,
the braking control voltage V., ., V., » does not include the
feedforward voltage V,p 7, V,p . As shown in FIGS. 8A
and 8B, the control module 13 intervenes the braking system
of the vehicle 20 at about the 6th second, such that the
vehicle speed of the vehicle 20 slows down from about 93
kph (kilometer-per-hour) as time goes on. With reference to
FIG. 8A, the wavetorms of the wheel speeds of the left-front
wheel 21 and the right-front wheel 22 1nclude high ampli-
tudes between the 6.5th and 7th seconds, and the amplitudes
become smaller at about the 7.2th second. With reference to
FIG. 8B, the wavetorms of the wheel speeds of the left-rear
wheel 23 and the nght-rear wheel 24 include higher ampli-
tudes than those of the left-front wheel 21 and the right-front

wheel 22 in general.
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With reference to FIGS. 2, 9A, and 9B, the wavelorms
shown 1in FIGS. 9A and 9B are measured under a second

braking event, such that the waveforms of the vehicle speed
in FIGS. 9A and 9B are consistent to each other. Wavetorms
of the wheel speeds of the left-front wheel 21 and the
right-front wheel 22 are shown in FIG. 9A. Wavelorms of
the wheel speeds of the left-rear wheel 23 and the right-rear
wheel 24 are shown 1n FIG. 9B. In the second braking event,
the braking control voltage V, ., V, » includes the feed-
forward voltage V-~ », V-~ ». It 1s to be noted that the first
braking event and the second braking event are different
events, and therefore the braking control voltages 1n the two
braking events are different to each other. As shown in FIGS.
9A and 9B, the control module 13 intervenes the braking
system of the vehicle 20 at about the 2.4th second, such that
the vehicle speed of the vehicle 20 slows down from about
97 kph as time goes on. The wheel speeds of the left-front
wheel 21, the nght-front wheel 22, the left-rear wheel 23,

and the rnight-rear wheel 24 stably slow down as time goes
on. Especially, the wavetorms of the wheel speeds of the left
front wheel 21 and the right-front wheel 22 are almost
consistent to each other.

Compared with FIG. 8A, the wheel speeds i FIG. 9A do
not include the high amplitude as the waveforms at the 6.5
to 7th seconds of FIG. 8A. Therefore, the feedforward
voltage V.- . Vo » substantially overcomes a vibration
phenomenon of the wheel speeds of the left-front wheel 21
and the right-front wheel 22. Furthermore, compared with
FIG. 8B, the amplitudes of the wavelorms of the left-rear
wheel 23 and the night-rear wheel 24 1n FIG. 9B are
obviously decreased. In the present invention as a whole, for
each one of the wheels, the control module 13 adds the
teedback control voltage V 5 to the feedforward voltage V
to obtain the braking control voltage V., such that the
braking control voltage V. includes the voltage component
of the feedforward voltage V... By doing so, the feedior-
ward voltage V.. provides an assistance to improve the
vibration phenomenon of each one of the wheel speeds. As
a result, the present invention may prevent the driver or the
passengers from a feeling of intermittent and rapid vibra-
tions, such that the driver or the passengers would not feel
uncomiortable.

With reference to FIGS. 6 and 7, in the embodiment of the
present invention, the second tire-slip upper lmit S, 5 1n
FIG. 7 1s lower than the first tire-slip upper limit S,, ~ 1n
FIG. 6, that is, the second feedforward voltage V.. .
applying to the left-rear wheel 23 and the right-rear wheel 24
1s higher under a lower tire slip status (such as 10% to 60%)
than the first feedtorward voltage V.. » applying to the
left-front wheel 21 and the nght-front wheel 22. As a resullt,
the braking pressure relieved from the left-rear wheel 23 and
the right-rear wheel 24 1s greater (in other words, the braking,
pressure to the left-rear wheel 23 and the right-rear wheel 24
1s smaller). In the present invention, the reason for setting
the second tire-slip upper limit S, , . to be lower than the first
tire-slip upper limit S,, . is described as follows. With
reference to FIGS. 2, 9A, and 9B, compared with the
left-front wheel 21 and the right-front wheel 22, when the
left-rear wheel 23 and the right-rear wheel 24 are rapidly
locked up, the tail of the vehicle 20 may swing left-and-
right. By setting S, ~<<S,, » 1 the present invention, the
braking pressures exerted on the left-rear wheel 23 and the
right-rear wheel 24 are smaller than the braking pressures
exerted on the left-front wheel 21 and the right-front wheel
22. Hence, under smaller braking pressures, the left-rear
wheel 23 and the right-rear wheel 24 are prevented from
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being rapidly locked up, to e 1c1ently stabilize the body of
the vehicle 20 and to improve the swing phenomenon of the
of tail of the vehicle 20.

Even though numerous characteristics and advantages of
the present invention have been set forth in the foregoing
description, together with details of the structure and func-
tion of the invention, the disclosure 1s illustrative only, and
c_langes may be made 1n detail, especially 1n matters of
shape, si1ze, and arrangement of parts within the principles of
the invention to the full extent indicated by the broad general
meaning of the terms 1 which the appended claims are
expressed.

What 1s claimed 1s:

1. An Anti-lock Braking System adapted to a vehicle with
multiple wheels and comprising:

an accelerometer outputting a vehicle acceleration signal

reflecting acceleration of the vehicle;

multiple wheel speed sensors respectively corresponding

to the multiple wheels and each one of the wheel speed
sensors outputting a wheel speed signal;

multiple proportioning-valve brakes respectively corre-

sponding to the multiple wheels and each one of the
proportioning-valve brakes receiving a braking control
voltage to adjust a braking pressure of each one of the
wheels according to a magnitude of the braking control
voltage; and

a control module electrically connected to the accelerom-

cter, the wheel speed sensors, and the proportioning-
valve brakes; wherein after the control module inter-
venes a braking system of the vehicle, the control
module generates the braking control voltages for the
proportioning-valve brakes respectively according to
the vehicle acceleration signal and the wheel speed
signals;

wherein the control module computes a tire-slip feedback

value according to the wheel speed signal of each one
of the wheel speed sensors and the vehicle acceleration
signal, generates a feedback control voltage according,
to a tire-slip difference between a tire-slip target value
and the tire-slip feedback value, generates a tire-slip
compensation value by performing a diflerential com-
pensation to the tire-slip feedback value, obtains a
feedforward voltage according to the tire-slip compen-
sation value via a look-up table approach, and gener-
ates the braking control voltage by adding the feedback
control voltage to the feedforward voltage.

2. The Anti-lock Braking System of claim 1, wherein

the control module stores multiple look-up tables for

performing the look-up table approach;
cach one of the look-up tables includes a voltage lower
limit, a voltage upper limait, a tire-slip lower-limit, and
a tire-slip upper limat;

when the tire-slip compensation value 1s between the
tire-slip lower limit and the tire-slip upper limit, the
tire-slip compensation value 1s linearly and directly
proportional to the feedforward voltage.

3. The Anti-lock Braking System of claim 2, wherein

the multiple wheels of the vehicle are multiple front

wheels and multiple rear wheels;

the multiple look-up tables are a first look-up table

corresponding to the front wheels and a second look-up
table corresponding to the rear wheels;

the tire-slip upper limit in the first look-up table 1s defined

as a first tire-slip upper limit, the tire-slip upper limit 1n
the second look-up table 1s defined as a second tire-slip
upper limit, and the second tire-slip upper limit 1s lower
than the first tire-slip upper limat.
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4. The Anti-lock Braking System of claim 3, wherein the
tire-slip feedback value (Slip,,) 1s represented as:

Vesr - W

Sliprg =

EAYS

wherein V__ 1s the vehicle’s speed and W 1s the wheel’s
speed computed from the wheel speed signal of each
one of the wheel speed sensors.

5. The Anti-lock Braking System of claim 4, wherein the

tire-slip compensation value (Slip-,,,p) 15 represented as:

f
Slipcoye = Sippg + CX %(SZI}JFB)

wherein C 1s a value of weight, 0<C<1, and C for the front

wheels 1s higher than C for the rear wheels.

6. An anti-lock braking control method performed after a
control module intervenes a braking system of a vehicle with
multiple wheels and comprising:

receiving a wheel speed signal of each one of the wheels

and a vehicle acceleration signal;

computing a tire-slip feedback value according to the

wheel speed signal of each one of the wheels and the
vehicle acceleration signal;

generating a feedback control voltage according to a

tire-slip difference between a tire-slip target value and
the tire-slip feedback value;

generating a tire-slip compensation value by performing a

differential compensation to the tire-slip feedback
value;
obtaining a feedforward voltage according to the tire-slip
compensation value via a look-up table approach;

generating a braking control voltage by adding the feed-
back control voltage to the feedforward voltage; and

outputting the braking control voltage to a proportioning-
valve brake, such that the proportioning-valve brake
adjusts a braking pressure of each one of the wheels
according to a magnitude of the braking control volt-
age.

7. The anfti-lock braking control method of claim 6,
wherein
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multiple look-up tables are adopted in the look-up table
approach and each one of the look-up tables includes a
voltage lower limit, a voltage upper limit, a tire-ship
lower-limit, and a tire-ship upper limit; and

when the tire-slip compensation value 1s between the

tire-slip lower limit and the ftire-slip upper limit, the

tire-slip compensation value 1s linearly and directly

proportional to the feedforward voltage.

8. The anti-lock braking control method of claim 7,
wherein

-

the multiple wheels of the vehicle are multiple front
wheels and multiple rear wheels;

the multiple look-up tables are a first look-up table
corresponding to the front wheels and a second look-up
table corresponding to the rear wheels;

the tire-slip upper limit 1n the first look-up table 1s defined
as a first tire-slip upper limait, the tire-slip upper limit 1n
the second look-up table 1s defined as a second tire-slip
upper limit, and the second tire-slip upper limit 1s lower
than the first tire-slip upper limut.

9. The anti-lock braking control method of claim 8,
wherein the tire-slip feedback value (Slip.5) 1s represented
as:

Vesa‘ — W

Sliprg =

(AT

wherein V__ 1s the vehicle’s speed and W is the wheel’s
speed computed from the wheel speed signal of each

one of the wheels.

10. The anfi-lock braking control method of claim 9,

wherein the ftire-slip compensation value (Slip-5a1,p) 18
represented as:

f
Stipcoye = Slippg + CX E(SZI})FB)

wherein C 1s a value of weight, 0<C<1, and C for the front
wheels 1s higher than C for the rear wheels.

* s * s K
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